Torrential rainfall responses to vertical wind shear, radiation, and ice clouds during the landfall of severe Tropical Storm, Bilis (2006) are investigated via a rainfall partitioning analysis of grid-scale sensitivity experiment data. The rainfall data are partitioned into eight types based on surface rainfall budget. The largest contributions to total rainfall come from local atmospheric moistening, water vapor convergence, and hydrometeor loss/convergence (Type 3; 29%) when the large-scale upward motions occurred only in the upper troposphere on 15 July 2006. When the large-scale upward motion center moved to the mid troposphere on 16 July, Type 3 hydrometeor loss/convergence (26%) plus local atmospheric drying, water vapor divergence, and hydrometeor loss/convergence (Type 5; 25%) show equally important contributions to total rainfall.
InTRoDuCTIon
The landfall of typhoons over the southeast coast of China over the summer in the Northern Hemisphere produces a major water resource contributor over southern China, but may also cause major floods which lead to tremendous socio-economic losses in southern coast cities. Bilis (2006) was a severe tropical storm that caused 672 fatalities and $4.4 billion US dollars in damage to areas of the Philippines, Taiwan, and southeastern China. Wang et al. (2009a Wang et al. ( , b, 2010a conducted a series of two-dimensional (2D) sensitivity cloud-resolving model experiments to study the effects of vertical wind shear, radiation, and ice clouds on convective and stratiform rainfall during the landfall of Bilis. Bilis was surrounded by highs over the northern continent, an eastern subtropics, and southern equatorial areas, which led to its slow movement after its landfall on 15 July 2006. Wang et al. (2009b) found that the exclusion of vertical wind shear decreased convective rainfall on the morning of 16 July 2006 when the imposed large-scale upward motion center moved downward to 6 km. Wang et al. (2010b) showed that the increased model domain mean rainfall resulting from the exclusion of cloud radiative effects is associated with increases in model domain mean net condensation and associated latent heat induced by the enhanced mean radiative cooling on 15 July. The reduction in the mean rain rate resulting from the removal of cloud radiative effects is related to the slowdown in mean net condensation when the enhanced mean radiative cooling fails to increase the mean latent heat release on 16 July. The increased mean rainfall on 15 July and decreased mean rainfall on 16 July come mainly from stratiform rainfall regions. Wang et al. (2010b) also revealed that the decreases in the mean rain rate resulting from the elimination of cloud-radiation interaction are associated with the slowdown in the mean hydrometeor loss on 15 July and the suppression in the mean net condensation on 16 July. The decreased mean rainfall is mainly from convective regions on 15 July and stratiform rainfall regions on 16 July. Wang et al. (2010c) found that the decreases in the mean rain rate resulting from the exclusion of ice clouds are associated with decreases in mean net condensation and a change in the mean hydrometeor from a loss to a gain over the two days. The decrease in the mean rain rate is primarily the result of stratiform regions on 15 July and convective regions on 16 July. Shen et al. (2010) separated 2D grid-scale cloud-resolving model simulation rainfall data during the Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere Response Experiment (TOGA COARE) into eight rainfall types based on different rainfall processes proposed by Gao et al. (2005) and Cui and Li (2006) . They showed that the largest rainfall contribution is associated with local atmospheric drying, water vapor divergence, and hydrometeor loss/convergence among the eight rainfall types. They also found that a considerable amount of convective rainfall is associated with regions of water vapor divergence, while a significant amount of stratiform rainfall is associated with regions of water vapor convergence if the scheme developed by and modified by Sui et al. (1994) is used to separate convective and stratiform rainfall. Convectivestratiform rainfall partitioning schemes have been developed based on the amplitude and spatial variations of radar reflectivity or surface rainfall rate in previous studies (e.g., Churchill and Houze 1984; Caniaux et al. 1994; Steiner et al. 1995) . Additional information such as the cloud mixing ratio, vertical motion, and fall speeds of precipitation particles have been also used in separation schemes (e.g., Tao et al. , 2000 Sui et al. 1994; Xu 1995; Lang et al. 2003) . Thus, the convective-stratiform rainfall partition may introduce uncertainty. For example, Shen et al. (2012) reveals that about 31% of convective rainfall is associated with water vapor divergence when they analyzed the same model simulation data in Shen et al. (2010) . In contrast, categorization of rainfall into eight types as in Shen et al. (2010) allows a separation of rainfall types based on explicit rainfall processes. Thus, previous convectivestratiform rainfall separation schemes may not show better statistical precipitation characteristics from the analysis of grid-scale data. Unlike previous Bilis studies (Wang et al. 2009a (Wang et al. , b, 2010b in which convective-stratiform rainfall partitioning scheme is applied for grid-scale analysis, the rainfall separation scheme based on the surface rainfall scheme proposed by Shen et al. (2010) is applied to the gridscale model simulation data from various sensitivity experiments of Bilis. Bilis rainfall is associated with different circulations compared to those during COARE, which rainfall processes play crucial role in production of domain mean rainfall? Since rainfall may be affected by various physical processes and factors, how do vertical wind shear, radiation, and ice clouds affect rainfall processes associated with the development of Bilis?
In this study, effects of vertical wind shear, radiation and ice clouds on torrential rainfall during the landfall of severe tropical storm Bilis (2006) are investigated by analyzing eight rainfall-type data from a series of 2D sensitivity cloud-resolving model simulations. The model and sensitivity experiments are briefly described in the next section. The results are presented in section 3. A summary is given in section 4.
MoDEL AnD SEnSITIVITy ExPERIMEnTS
The data analyzed in this study are from sensitivity experiments taken from Wang et al. (2009a Wang et al. ( , b, 2010b . These experiments were conducted using the two-dimensional (2D) version of the Goddard cumulus ensemble model (Sui et al. 1994 (Sui et al. , 1998 ) modified by Li et al. (1999) . The cloudresolving model was originally developed by Soong and Ogura (1980) , Soong and Tao (1980) , and . The model includes prognostic equations for potential temperature, specific humidity, mixing ratios of cloud hydrometeors (cloud water, rain, cloud ice, snow, and graupel). The model has cloud microphysical parameterization schemes (Lin et al. 1983; Hobbs 1983, 1984; Krueger et al. 1995) and solar and thermal infrared radiation parameterization schemes (Chou et al. 1991 (Chou et al. , 1998 Chou and Suarez 1994) . The model uses cyclic lateral boundary conditions, a horizontal domain of 768 km, a horizontal grid resolution of 1.5 km, and a time step of 12 s. The detailed model descriptions can be found in Gao and Li (2008) . The model is integrated from 0800 LST 14 July to 0800 LST 17 July 2006 (a total of 3 days) with the forcing averaged in a rectangular box of 108 -116°E, 23 -24°N ( Fig. 1) , which is constructed from the reanalysis data from NCEP/GDAS that has a horizontal resolution of 0.5° × 0.5° and a temporal resolution of 4 times per day.
In addition to the control experiment (C) conducted by Wang et al. (2009a) , four sensitivity experiments are compared with the control experiment. CNVWS, the experiment that excludes vertical wind shear, is identical to C except that vertically varying large-scale zonal winds in C are replaced with mass-weighted mean large-scale zonal winds in CNVWS. CNVWS is compared with C to examine the effects of vertical wind shear on rainfall. CNCR, the experiment that excludes cloud radiative effects, is identical to C except that the total hydrometeor mixing ratio (sum of mixing ratios of five cloud species) is set to zero in the calculations of optical thickness and radiation. CNCRI, the experi-ment that excludes cloud-radiation interaction, is identical to C except that in CNCRI the cloud-radiation interaction is not allowed and vertical radiation profiles at each grid is imposed with same vertical radiation profiles averaged over model domain mean from C. CNCR and CNCRI are respectively compared with C to study the effects of cloud radiative processes and cloud-radiation interaction on rainfall. CNIM, the experiment that excludes ice clouds, is identical to C except that the ice hydrometeor mixing ratio is set to zero in CNIM. The comparison between CNIM and C shows the effects of ice clouds on rainfall. Five experiments are summarized in Table 1 .
Based on surface rainfall budget proposed by Gao et al. (2005) and Cui and Li (2006) , the surface rain rate (P S ) is determined by local vapor change (Q WVT ), water vapor convergence (Q WVF ), surface evaporation (Q WVE ), and hydrometeor change/convergence (Q CM ), i.e.,
where
Here, q v is specific humidity; u and w are zonal and vertical wind components, respectively; E s is surface evaporation rate; q 5 = q c + q r + q i + q s + q g , q c , q r , q i , q s , q g are the mixing ratios of cloud water, raindrops, cloud ice, snow, and graupel, respectively; the overbar denotes model domain mean; prime is a perturbation from the domain mean; [ ] is 
C Control experiment CnVWS
Vertically varying large-scale zonal winds in C are replaced with mass-weighted mean large-scale zonal winds in CNVWS
CnCR
Total hydrometeor mixing ratio (sum of mixing ratios of five cloud species) is set to zero in the calculations of optical thickness and radiation
CnCRI
Cloud-radiation interaction is not allowed in CNCRI and vertical radiation profiles at each grid in CN-CRI is imposed with same vertical radiation profiles averaged over model domain mean from C
CnIM
The ice hydrometeor mixing ratio is set to zero a mass integration; and superscript ° is an imposed NCEP/ GDAS value. In Eq.
(1), Q WVT , Q WVF and Q CM can be positive or negative, whereas surface evaporation (Q WVE ) is positive. Following Shen et al. (2010) , grid-scale rainfall simulation data are categorized into the eight rainfall types based on different rainfall processes ( Table 2 ). The analysis of rainfall Type 8 associated with water vapor divergence, local atmospheric moistening, and hydrometeor gain/divergence is not shown in this study because its rain rate is zero.
RESuLTS

C: The Control Experiment
The calculation of daily mean surface rain rate for each rainfall type in the control experiment (C) shows that the highest rain rate comes from the Type 3 rainfall associated with local atmospheric moistening, water vapor convergence and hydrometeor loss/convergence (0.78 mm h -1 ) on 15 July and from Type 3 (0.79 mm h -1 ) and the rainfall Type 5 associated with local atmospheric drying, water vapor divergence and hydrometeor loss/convergence (0.76 mm h -1 ) on 16 July (Fig. 2 ) because these rainfalls cover the largest areas (Fig. 3) . The calculations in percentage of rain amount over the total rainfall amount (PRA) reveal that Type 3 has rainfall contributions of 29.07 and 25.51%, respectively, on 15 and 16 July (Fig. 4) . Type 5 contributes 24.71% to the total rainfall on 16 July. This is different from the result found by Shen et al. (2010) in which the largest rainfall contribution comes from Type 5 (30.8%) during TOGA COARE. The difference in the largest rainfall contribution may result from the difference in the vertical structures of imposed large-scale vertical velocity. The upward motions during COARE usually occur throughout the troposphere and their centers appear around 8 -10 km. In contrast, Bilis has strong upward motions in the upper troposphere and weak downward motions in the lower troposphere on 15 July and the maximum upward motions extend to 6 km and downward motions vanish in the morning of 16 July.
Due to the small fractional rainfall coverage, the Type 6 rainfall associated with local atmospheric drying, water vapor divergence and hydrometeor gain/divergence and Type 7 rainfall associated with local atmospheric moistening, water vapor divergence and hydrometeor loss/convergence have the lowest rain rates over the two days which have the smallest PRA of about 2% among the seven types. Although the fractional coverage is small, the Type 1 rainfall associated with local atmospheric drying, water vapor convergence and hydrometeor loss/convergence contribute more than 10% to total rainfall. The Type 2 rainfall associated with local atmospheric drying, water vapor convergence and hydrometeor gain/divergence and Type 4 associated with local atmospheric moistening, water vapor convergence and hydrometeor gain/divergence have mean rain rates of about 0.5 mm h -1 over both days, although Type 2 covers the smaller area than Type 4 does. The two types have PRA of about 17 -19%. Since Type 1 covers the smaller area on 15 July (15.36%) than on 16 July (30.22%), the mean rain rate of Type 1 is lower on 15 July (0.40 mm h -1 ) than on 16 July (0.76 mm h -1 ). As a result, its PRA is much smaller on 15 July (14.96%) than that on 16 July (24.71%).
Local atmospheric drying, water vapor convergence and hydrometeor loss/convergence are equally important in production of Type 1 rainfall (Figs. 5 -7) . Note that surface evaporation is not shown in these figures because it is negligibly small in the surface rainfall budget. Although water vapor convergence is much larger in Type 4 than in Type 2, it is offset by local atmospheric moistening and hydrometeor gain/convergence in Type 4 and water vapor convergence and local atmospheric drying are balanced by hydrometeor gain/convergence in Type 2. Thus, their mean rain rates are similar. Type-3 rainfall corresponds to hydrometeor loss/ convergence while water vapor convergence moistens local Table 2 . Summary of eight rainfall types. atmosphere. Type-5 rain is associated with hydrometeor loss/convergence while the water vapor divergence dries local atmosphere. The hydrometeor loss/convergence rate on 16 July is more than twice larger than that on 15 July, which leads to a much higher mean rain rate on 16 July than on 15 July. Types 6 and 7 retain the lowest rain rates and have the smallest rainfall contributions regardless of vertical wind shear, radiation and ice clouds. Thus, effects of vertical wind shear, radiation, and ice clouds on these surface rainfall budgets are not explored in the following discussion.
Type Description
CnVWS Versus C: Effects of Vertical Wind Shear
The exclusion of vertical wind shear increases the rain rate associated with local atmospheric drying, water vapor convergence and hydrometeor loss/convergence (Type 1) by 43.8% (Fig. 2) and the PRA by 49.0% (Fig. 4) on 16 July. In contrast, its rain rate and PRA are not sensitive to the vertical wind shear on 15 July. The increase in the rain rate on 16 July is associated with the increases in fractional coverage (49.2%) (Fig. 3) and water vapor convergence (90.9%) (Fig. 6) . The removal of vertical wind shear decreases the rain rate and PRA of Type 5 by about 30% over the two-day period (Fig. 2) due to the shrink of rainfall area (Fig. 3) and the decrease in hydrometeor loss/convergence as a result of cancelation between the decreases in local atmospheric drying and water vapor divergence (Fig. 7) . The elimination of vertical wind shear increases the Type-3 rain rate by 11.5% through the increased fractional coverage and weakened local atmospheric moistening on 15 July whereas it decreases the rain rate by 12.7% (Fig. 2) through the shrink of fractional coverage (Fig. 3) and the weakened hydrometeor loss/ convergence on 16 July (Fig. 7) . The exclusion of vertical wind shear increases the rain rates of Types 2 and 4 by 5 -7% over the two days (Fig. 2) because of the expansion of rainfall area (Fig. 3) , the weakened hydrometeor gain/divergence (Fig. 7) and, the decreased local atmospheric moistening (Fig. 5) .
CnCR Versus C: Cloud Radiative Effects
The largest change in the rain rate resulting from the exclusion of cloud radiative effects occurred with Type 5 on 15 July when the rain rate increased from 0.40 mm h -1 in C to 0.53 mm h -1 in CNCR (Fig. 2) . Its PRA on that day increased from 14.96% in C to 19.23% in CNCR (Fig. 4) . The increase in rain rate was associated with the expansion of rainfall area from 15.36% in C to 19.43% in CNCR (Fig. 3) and increased in hydrometeor loss/convergence from 0.44 mm h -1 in C to 0.64 mm h -1 in CNCR and local atmospheric drying from 0.61 mm h -1 in C to 0.80 mm h -1 in CNCR (Fig. 5) . The removal of cloud radiative effects only caused slight increases in the rain rate and PRA of Type 5 on 16 July because of the small expansion of rainfall area and offset between the increased in local atmospheric drying and water vapor divergence. The elimination of cloud radiative effects generally decreases the rain rate associated with water vapor convergence (Types 1 -4) by about 2 -11% through the shrink of rainfall area (Fig. 3 ) and the increases in local atmospheric moistening and hydrometeor gain/divergence (Figs. 5 -7) and generally shrinks the associated PRA (Fig. 4) .
CnCRI Versus C: Effects of Cloud-Radiation Interaction
The exclusion of cloud-radiation interaction decreases the rain rates and PRA of Types 1 and 3 whereas it increases the rain rates and PRA of Types 2, 4, and 5 on 15 July (Figs. 2 and 4) . The rainfall decrease is associated with the shrink of rainfall area (Fig. 3 ) and the reductions in local atmospheric drying, water vapor convergence and hydrometeor loss/convergence in Type 1 (Figs. 5 -7 ) and the decreases in hydrometeor loss/convergence and water vapor convergence in Type 3. The increases in rain rate correspond to the enhanced water vapor convergence in Type 2 and the expansion of rainfall area and the enhanced hydrometeor loss/convergence in Type 5. The removal of cloud-radiation interaction decreases the rain rates and PRA of Types 1 and 3 on 16 July. The decreases in rain rate are related to the reduction in hydrometeor loss/convergence while the increase in water vapor convergence enhances local atmospheric moistening in Type 4 and the shrink of rainfall area and the weakened hydrometeor loss/convergence. The elimination of cloud-radiation interaction slightly decreases the rain rates of Types 2 and 5 but it slightly increases the PRA because of the decrease in domain mean rain rate from C to CNCRI on 16 July (Table 3) .
CnIM Versus C: Effects of Ice Clouds
The exclusion of ice clouds generally decreases the rain rates. The decrease in domain mean rain rate results from the decreases in rain rates of Types 2 and 3 in the two days (Table 3 and Fig. 2) . The decrease in Type-2 rainfall is related to the decreases in local atmospheric drying and water vapor convergence (Figs. 5 -7) , whereas the decrease in Type-3 rainfall is associated with the shrink of rainfall area (Fig. 3) and the decreases in water vapor convergence and hydrometeor loss/convergence. The rainfall reductions are larger on 15 July than on 16 July because the decrease in local atmospheric drying in Type 2 is much larger on 15 July than 16 July and the decrease in local atmospheric moistening is smaller and the decrease in hydrometeor loss/ convergence in Type 3 is larger on 15 July than on 16 July. Since the rain rate of Type 2 is smaller than that of Type 3 on 15 July, the decrease in PRA of Type 2 is much larger than that of Type 3 (Fig. 4) .
In Type 1, the exclusion of ice clouds decreases the rain rate and PRA on 15 July whereas it increases the rain rate and PRA on 16 July. The rainfall decrease on 15 July is associated with the shrink of rainfall area and the weakened local atmospheric drying and the weakened hydrometeor loss/convergence. The rainfall increase on 16 July is related to the expansion of rainfall area and the enhanced water vapor convergence and enhanced hydrometeor loss/ convergence.
The removal of ice clouds decreases the Type-5 rainfall on 16 July, but it barely changes the rain rate on 15 July. The rainfall decrease on 16 July corresponds to the shrink of rainfall area and the suppressed hydrometeor loss/ convergence due to the offset between the decreases in local atmospheric drying and water vapor divergence. The rainfall similarity in C and CNIM on 15 July results from the balance between the increases in water vapor divergence and hydrometeor loss/convergence. The decrease in Type-5 rainfall on 16 July leads to the decrease in PRA. Although the rain rates of Type 5 are similar in C and CNIM on 15 July, the domain mean rain rate in CNIM is lower than in C (Table 3 ). The PRA of Type 5 on 15 July is smaller in CNIM than in C.
SuMMARy
Effects of vertical wind shear, radiation and ice clouds on rainfall during a landfall of severe tropical storm Bilis (2006) was investigated through the rainfall partitioning analysis with a series of grid-scale sensitivity experiment data from Wang et al. (2009a Wang et al. ( , b, 2010b . The experiments were conducted with a two-dimensional cloud-resolving model. The model was integrated for 3 days with imposed zonally-uniform vertical velocity, zonal wind, horizontal temperature and vapor advection from NCEP/GDAS data. The analysis was conducted on 15 and 16 July during the torrential rainfall event because vertical profiles of imposed large-scale vertical velocity are strong upward motions in the upper troposphere and weak downward motions in the lower troposphere on 15 July and downward movement of upward motion center to the mid troposphere in the morning of 16 July. The scheme partitioned grid-scale rainfall simulation data into eight rainfall types. The major results include: (1) The exclusion of vertical wind shear increases the rainfall associated with local atmospheric drying, water vapor convergence and hydrometeor loss/convergence by more than 40% on 16 July whereas it decreases the rainfall associated with local atmospheric drying, water vapor divergence and hydrometeor loss/convergence by about 30% over the two days. The rainfall increase is associated with the expansion of rainfall area and the increases in water vapor convergence and hydrometeor loss/convergence. The rainfall reductions are related to the decreases in rainfall area and hydrometeor loss/convergence as the weakened water vapor divergence suppressed local atmospheric drying. (2) The removal of cloud radiative effects increases the rainfall associated with local atmospheric drying, water vapor divergence and hydrometeor loss/convergence by more than 30% on 15 July. The rainfall increase corresponds to the increases in rainfall area and local atmospheric drying and hydrometeor loss/convergence. The elimination of cloud-radiation interaction reduces the rainfall associated local atmospheric drying, water vapor convergence and hydrometeor loss/convergence by about 14% and the rainfall associated with local atmospheric moistening, water vapor convergence and hydrometeor loss/convergence by about 10% through the weakened hydrometeor loss/convergence on 15 July. The exclusion of cloud-radiation interaction reduces the rainfall with local atmospheric moistening, water vapor convergence and hydrometeor gain/divergence by about 10% through the enhanced local atmospheric moistening and hydrometeor gain/divergence on 16 July. (3) The exclusion of ice clouds decreases the rainfall with local atmospheric drying, water vapor convergence and hydrometeor gain/divergence by about 50% through the decreases in rainfall area and local atmospheric drying and water vapor convergence and the rainfall associated with local atmospheric moistening, water vapor convergence, and hydrometeor loss/convergence rate by about 23% through the decreases in rainfall area and water vapor convergence and hydrometeor loss/convergence on 15 July. These two types are also major contributors for the reduction in domain mean rainfall on 16 July, but the largest contributor is the rainfall associated with local atmospheric drying, water vapor convergence, and hydrometeor loss/convergence. (4) The largest contribution to total rainfall is from tFM (29%) on 15 July and is from tFM (26%) and TfM (25%) on 16 July, which is different from the result found in Shen et al. (2010) during TOGA COARE in which the largest rainfall contribution is from TfM (31%) and tFM only contributes about 19% to total rainfall. The largest decrease in rainfall contribution comes from TfM in the two days when vertical wind shear is excluded and from tFM on 15 July when cloud-radiation interaction is excluded and from TFm on 15 July when ice clouds are removed from the model. The largest increase in rainfall contribution is from TfM on 15 July when cloud radiative effects are cut off.
